T
here is growing evidence that the preimplantation mammalian embryo is sensitive to environmental conditions that may influence not only immediate events of blastocyst morphogenesis but also fetal or postnatal phenotype (1) . Culture conditions have been shown to slow the rate of blastocyst formation, reduce proliferation rate, and alter embryo gene expression pattern and metabolic activity compared with in vivo development (1) (2) (3) . The presence of supplements, particularly ill-defined serum proteins, in mouse embryo culture medium tend to reduce fetal growth after transfer (4) , whereas addition of select amino acids, growth factors, or cytokines may stimulate blastocyst development and postimplantation growth (5) (6) (7) . In vitro culture conditions have also been shown to perturb mouse postnatal behavior, but effects on postnatal growth have been inconsistent (8, 9) . Similarly, culture and transfer of sheep and cattle embryos, especially after exposure to serum components, has been associated with the ''large offspring syndrome'' condition of enhanced fetal growth, large birth weight, and a higher incidence of perinatal mortality (10) . Use of animal models has further demonstrated that associated reproductive biotechnologies including ovarian hyperstimulation (11) and oocyte in vitro maturation (12) can independently contribute to abnormal fetal development. In the human, in vitro culture during assisted reproduction treatment (ART) may lead to an increase in preterm delivery, low birth weight, and perinatal mortality in singleton pregnancies compared with natural conception (13) (14) (15) . Culture of human embryos to the blastocyst stage is widely practiced in ART to identify viable embryos (16) . In addition, associated superovulation protocols may have adverse effects on clinical outcome (17) .
The mechanistic basis of embryo sensitivity to in vitro culture likely derives from a complex of interactive processes comprising epigenetic, metabolic, and cellular components (1) . Although the clinical implications of embryo culture-derived changes in fetal or postnatal phenotype are clear, embryo sensitivity is also apparent with respect to in vivo environment where links to postnatal cardiovascular and metabolic physiology have been identified (1) . Thus, maternal protein undernutrition in the rat exclusively during the preimplantation period leads to altered growth and elevated systolic blood pressure (SBP) in offspring, together with altered expression of metabolic regulatory enzymes in fetal liver (18, 19) . Similarly, periconceptional maternal undernutrition in the sheep has been shown to lead to perturbation in fetal cardiovascular and metabolic development (20, 21) . These in vivo links between embryo environment and adult health provide support for the ''developmental origins of adult disease'' hypothesis (22, 23) .
In the present study, we further investigate the sensitivity of routine ART procedures (embryo culture to blastocyst after ovarian hyperstimulation, embryo transfer) on mouse postnatal phenotype. Here, we include physiological parameters shown to be at risk in the in vivo dietary models referred to above. In addition to SBP, we also investigated the activity of (i) serum angiotensinconverting enzyme (ACE), which promotes cleavage of angiotensin I to angiotensin II, a potent vasoconstrictor and regulator of blood pressure elevation (24, 25) , and (ii) hepatic phosphoenolpyruvate carboxykinase (PEPCK), the rate-limiting enzyme in gluconeogenesis, an enzyme recognized to be overexpressed in insulin resistance and diabetes (19, 26, 27) . Both ACE and PEPCK have been shown to be useful markers of cardiovascular and metabolic health in in vivo models of embryo environmental programming (19, 24) . We found that embryo culture reduced blastocyst cell number and, after transfer and independent of litter size, lead to minimal changes in postnatal growth. However, more marked changes in adult physiology including onset of hypertension were observed. Moreover, in females, physiological change in response to blastocyst culture and/or transfer was associated with increased ACE and PEPCK activity.
Results
In Vitro Culture Reduces Blastocyst Cell Number. The effect of embryo culture in T6 medium from two-cell [48 h post-human chorionic gonadotrophin (hCG)] to early (96 h post-hCG) and expanded blastocyst (116 h post-hCG) stages on cell proliferation was compared with embryos developing in vivo (96 h post-hCG) (Fig. 1) . Embryos that developed in vivo had significantly more blastocyst trophectoderm (TE) and inner cell mass (ICM) cells compared with cultured embryos, whether cultured in the presence (T6 BSA) or absence [T6 polyvinylpyrrolidone (PVP)] of exogenous protein, at 96 h post-hCG. If culture in T6 BSA or T6 PVP was continued for a further 20 h, to 116 h post-hCG, embryo cell numbers became comparable with those within in vivo-derived embryos at 96 h post-hCG. However, the ICM:TE cell number ratio did not differ between any treatment group (Fig. 1B) .
Embryo Environment Influences Postnatal Phenotype. To investigate the effect of embryo environment on postnatal phenotype, we generated the following four animal treatment groups: (i) IVC-ET: in vitro-cultured embryos (T6 BSA; two-cell to early blastocyst, derived from superovulated mothers) transferred to recipients; (ii) IV-ET: in vivo-derived blastocysts (from superovulated mothers) immediately collected and transferred to recipients; (iii) NM: naturally mated mice with no embryo culture or transfer; and (iv) NM-6: NM mice with litter size reduced to six at birth (equivalent to that of IVC-ET and IV-ET mice). This design allowed us to assess postnatal phenotype and control for effects derived from embryo treatment and the ET procedure as well as maternal factors including litter size.
Litter Size and Growth Rates. Six to 10 litters were generated for each treatment group with mean litter size, gestation length, gender ratio, and birth weight criteria as shown in Table 1 . Litter sizes in the ET groups, IVC-ET and IV-ET, were not different from each other and represented 50 and 44% development to term rates per embryo transferred, respectively. Both IVC-ET and IV-ET litter sizes were significantly lower than those at birth in the two NM groups, whereas gestation length, the male:female offspring ratio, and male and female birth weights were not significantly different between treatment groups (Table 1) .
Mean weekly weights for male and female offspring for all four treatment groups from birth to 27 weeks were analyzed (Fig. 2) . All mice underwent an enhanced growth spurt between 3 and 5 weeks of age when the average weekly weight increase was 2-2.5 times that occurring in previous and subsequent weeks. After 7 weeks, the weekly weight increase began to plateau so that by 11 weeks, weight increase was Ϸ1 g/week (Fig. 2) . Assessment of overall growth rates by using Z-score analysis, where the entire data set was transformed, so giving a mean value of 0 and standard deviation of 1, revealed that the entire slopes were comparable for male and female IVC-ET, IV-ET, and NM-6 mice and significantly different from male and female NM mice, which remained smaller throughout the analysis period (Fig. 2) , reflecting the difference in postnatal litter sizes between groups and identified as a significant dependent variable in the analysis. In specific weeks, however, female IVC-ET offspring were significantly reduced in weight compared with IV-ET females (weeks 6, 7, 11, 12, and 13) with this difference being at trend level (P Ͻ 0.1) at weeks 8 and 23-25 (Fig. 2B) . These weight differences were independent of litter size and maternal origin, except week 6 where litter size was a significant dependent variable.
SBP. Mean SBP of offspring from the four treatment groups was determined at 15 and 21 weeks (Fig. 3) . For both times, in both male and female samples, the highest mean SBP was within IVC-ET mice with descending values in the order IV-ET, NM-6, and NM mice. In both sexes, no difference in SBP was observed between IVC-ET and IV-ET offspring at 15 weeks but IVC-ET values were significantly higher than IV-ET values at 21 weeks, independent of litter size, maternal origin, and body weight. Moreover, IVC-ET offspring had significantly higher SBP than NM-6 mice at both time points (except for females at 15 weeks where difference is at trend level). Although SBP in IVC-ET offspring was also significantly higher than in NM offspring if litter size is not taken into account, this factor, when included, is a significant dependent variable, resulting in loss of independent SBP differences between these groups (Fig. 3 ). No differences in SBP were evident between NM and NM-6 groups.
Organ Allometry. Mice were culled at 27 weeks and organ weights compared between treatments either directly or as ratio to body weight (Table 2 ). In general, few differences were detected between treatments, reflecting the minimal effects on growth rates (see Table 2 for statistical outcomes). However, significant differences between female IVC-ET and IV-ET left and right kidney weights and lung weight were observed, independent of maternal origin and litter size. Despite this, the differences between IVC-ET and IV-ET females were not sustained when analyzed in relation to body weight. However, the IV-ET females were significantly different from the NM-6 females for both left and right kidney/body weight ratios.
ACE Activity. Serum ACE activity was significantly elevated at 27 weeks in female IVC-ET and IV-ET offspring compared with NM offspring, but no differences were detected in male ACE activity (Fig. 4A) . The difference in female ACE activity was independent of litter size in offspring and body weight.
PEPCK Activity. Liver PEPCK activity at 27 weeks was assessed in IVC-ET, IV-ET, and NM-6 treatment groups. Although levels were similar within male offspring across treatments, PEPCK activity was higher in both female IVC-ET and IV-ET groups compared with NM-6 group (Fig. 4B) . However, analysis taking into account both offspring litter size and body weight showed this difference from NM-6 was only significant in IVC-ET females.
Discussion
In this study, our major finding is that the culture and transfer of mouse embryos generated by ovarian hyperstimulation, routine procedures used in ART, can have lasting effects on postnatal physiology. Although culture has long been recognized to retard early development relative to in vivo environment (1, 2), and our own data using T6 medium are no exception, the breadth of postnatal consequences of the in vitro environment has not been studied extensively (1) . We show that cardiovascular and metabolic changes in the adult may follow in vitro embryo manipulations. In broad terms, our data also indicate that the postnatal consequences of ART are similar to those resulting from early gestation maternal undernutrition (1, 18) . Thus, abnormal early embryo environment, whether in vitro or in vivo, may have long term health consequences.
Culture of embryos from two-cell to blastocyst stages in T6 medium, either with or without a protein source, caused a reduction in blastocyst cell numbers in both TE and ICM lineages. Although several culture conditions have been shown to alter blastocyst cell number, including amino acid composition, energy substrates, growth factors, and cytokines (1, 5-7), the long-term consequences of reduced blastocyst cell numbers have not been evaluated extensively. Manipulated embryos with reduced cells have been shown to have slower fetal development possibly because of depleted stem cells for gastrulation and organogenesis (1, 28, 29) . However, in the current study, depleted blastocyst cell numbers have not affected gestation length (Table 1) . Moreover, quantitative measurements of the human blastocyst ICM after ART are highly indicative of blastocyst implantation potential with those displaying larger ICMs, presumably comprising more cells, more likely to implant (30) . Associations between blastocyst cell number and maternal dietary treatment in vivo have also been identified with long-term consequences (18) , further indicating the importance of this parameter to the developmental program.
The effect of IVC-ET treatment on postnatal growth compared with in vivo development, independent of litter size, was minimal, and limited to reduced female growth in specific weeks. The major effect on postnatal growth was mediated by litter size and evident here in the typical inverse relationship by inclusion of NM and NM-6 groups. These data are similar to those reported following mouse embryo culture in Whittens and KSOM media where no effect on postnatal growth was evident (9) . In contrast, mouse embryo culture in medium containing FCS has been shown to increase female offspring weight from week 31 onward associated with increased adipose mass (8). Although our study was for a shorter postnatal duration, the physiological changes identified offspring from 1 to 27 weeks (n ϭ 20 -33 males, 20 -31 females from 6 -10 litters). In B, * (P Ͻ 0.05) and ''t'' (trend; P Ͻ 0.1) denote differences between IVC-ET and IV-ET data. In Z-score plots, * denotes that the entire slope is significantly different (P Ͻ 0.05) between NM and other treatment groups. A major finding of our study is that preimplantation embryo culture led to an increased SBP in offspring at 21 weeks, independent of litter size, maternal origin, and body weight. Although this effect was evident in both genders, the mechanistic basis may vary between sexes. Hypertension is a multifactorial disease and its origin may be complex. We found that female, but not male, offspring from IVC-ET and IV-ET treatments exhibited elevated serum ACE activity compared with in vivo-derived controls. ACE acts to convert angiotensin I to angiotensin II, a potent vasoconstrictor following binding to angiotensin II type 1 receptors in vascular smooth muscle and elsewhere, leading to elevation of blood pressure (25, 31) . Thus, one component underlying elevation in SBP in embryo-manipulated female offspring may derive from altered renin-angiotensin system. Angiotensin II has also been associated with endothelial dysfunction and heightened superoxide anion levels, which may further exacerbate hypertension (32) . Moreover, ACE knockout mice are hypotensive (33) . The basis for female specificity of effects on ACE activity in the current study is unknown but may, for example, reflect the inhibitory effect of estrogen on ACE expression (34) .
ACE activity increase has also been observed correlating with hypertension in other models of early embryo programming, notably in response to rat maternal protein undernutrition (35) and in the mouse Ped minus phenotype (24) . However, the gender specificity identified in the current study has not been observed in these models. Alteration in the renin-angiotensin system may reflect changes in renal function derived from impaired gestational nephrogenesis and a compensatory glomerular hypertrophy, a phenotype that has been recognized in the maternal dietary protein undernutrition model (35) . Offspring kidneys from rat dams fed low protein diet during gestation are usually reduced in weight presumably in response to compromised nephrogenesis (35) . However, where maternal dietary restriction was limited to the preimplantation period, a modest increase in offspring kidney/body weight ratio resulted, implying a compensatory growth response (18) . Similarly, in the current study, kidney weight tended to be higher in female offspring only from the embryo-manipulated groups compared with NM-6, and the kidney/body weight ratio to be significantly higher in IV-ET females compared with NM-6 controls (Table 2) . Collectively, these data suggest that elevated SBP in female off- spring of embryo-manipulated groups may derive from combined renal and endocrine effects. Our analysis of postnatal effects after ART treatments also included an analysis of hepatic PEPCK activity. This enzyme is recognized as a critical regulator of gluconeogenesis, and the excess hepatic glucose production characteristic of adult metabolic disease, notably type II diabetes, coincides with increased PEPCK activity (26, 27) . Moreover, mice overexpressing PEPCK develop insulin resistance and diabetes (36) and expression levels of the enzyme in offspring can be set by the pattern of maternal diet during development (37) . Interestingly, a maternal low protein diet administered exclusively during the preimplantation period induced elevated fetal hepatic PEPCK expression in late gestation (19) . Our current studies have shown elevated mean PEPCK activity in female offspring of embryo-manipulated groups compared with in vivo developed offspring. Although this increase was only significant for IV-ET females because of other variables (litter size, body weight), such a relationship may further indicate a susceptibility of female offspring to metabolic as well as cardiovascular dysfunction.
Studies on long-term effects of ART procedures in humans have revealed evidence of higher incidence of premature birth, low birth weight, imprinting disorders, and some childhood cancers (13) (14) (15) . However, effects are inconsistent, largely reflecting variation in study design, human populations, and confounding variables (14) . We have identified in a mouse model that susceptibility to adult disease factors may also be increased, notably in cardiovascular function. Our data also indicate that the embryo transfer procedure itself (where embryo culture is reduced to a minimal period) may be contributory to programming postnatal phenotype for some of our outcomes, confirming the environmental sensitivity of the blastocyst stage. In addition, the superovulated condition of embryos in IVC-ET and IV-ET groups may contribute to adverse outcomes, although this is unlikely for the induction of hypertension.
Although the direct mechanisms by which the postnatal effects identified are induced in response to ART procedures are currently unknown, embryos have been shown to respond to diverse environmental stresses by epigenetic, metabolic, cellular, and physiological changes, all of which have potential for altering the developmental program (1). To our knowledge, cardiovascular effects in response to ART treatments have not been explored previously in the human, partly reflecting the relatively young age of progeny. However, our data using an animal model cannot be extrapolated directly to human ART; although the effects identified here may be important to rodents, they could have little relevance to humans. Rather, as has been previously proposed (38) , we consider animal models as useful in identifying potential outcomes from ART that merit separate investigation across species.
Materials and Methods
Animals and Embryo Culture Treatments. Animal treatments throughout this study were conducted in compliance with protocols under an appropriate United Kingdom Home Office project license, approved by local ethics committee. Virgin female (CBA ϫ C57/BL6)F 1 mice (5-6 weeks old; Biomedical Research Facility, University of Southampton) were superovulated by i.p. injection of 5 IU of pregnant mare serum gonadotrophin (PMS; Intervet, Cambridge, U.K.) and, 46 h later, 5 IU of hCG (Intervet), and caged overnight with MF1 males. The presence of a vaginal plug the following morning was taken as a sign of mating. Mice were killed by cervical dislocation and embryos were collected by flushing dissected oviducts or uteri with prewarmed H6 medium supplemented with either 4 mg/ml BSA (Sigma, St. Louis, MO; embryo culture tested; H6 BSA) or 6 mg/mL PVP (Sigma, Poole, U.K.; embryo culture tested; H6 PVP). Embryos were cultured in T6 medium (39) supplemented with either BSA (T6 BSA) or PVP (T6 PVP) under mineral oil (Sigma; embryo culture tested) at 37°C and 5% CO 2 in air for up to 116 h post-hCG. Blastocyst TE and ICM cell numbers were determined by differential nuclear staining as described (40) with modifications (18).
Embryo Transfer. Embryos cultured as above in T6 BSA from the two-cell stage (48 h post-hCG) to the blastocyst stage (96 h post-hCG), or blastocysts immediately collected from superovulated dams at this time, were placed in H6 BSA at 37°C under mineral oil for up to 3 h before ET to uteri of pseudopregnant 5-to 6-week-old virgin female (CBA ϫ C57/BL6)F 1 mice, previously mated (without superovulation) with vasectomized males. Mating times for embryo production and pseudopregnancy were identical to ensure appropriate maternal staging at ET. Standard procedures were used for ET at day 3.5 with i.p. injection of ketamine (Fort Dodge, Fort Dodge, IA) and acepromazine (C-Vet; Veterinary Products, Leyland, U.K.) anesthetic and transfer of six blastocysts to each exposed uterine horn before suture and i.p. injection of 100 l of analgesic (Temgesic; 300 g/ml; Reckitt & Colman Products, Wayne, NJ).
Animal Treatment Groups. In addition to offspring derived from ET of blastocysts either cultured in vitro (termed IVC-ET mice) or developed in vivo (termed IV-ET mice), offspring from two further animal groups were generated comprising natural mating without superovulation in which litter size was either unregulated (termed NM mice) or regulated at birth to the mean litter number within IVC-ET and IV-ET mice of six (three males and three females; termed NM6 mice). Thus, controls for effects derived from ET procedure and litter size were included in the design. Of the total offspring born and after reducing NM-6 litter size (Table 1) Postnatal Growth. All offspring were weaned at 3 weeks with males and females caged separately per litter with access to standard chow and water ad libitum. Offspring were weighed on the day of birth and subsequently on the same day each week for 27 weeks.
SBP. SBP was determined at 15 and 21 weeks by tail-cuff plethysmography by using an ITC model 229 blood pressure monitor (Linton Instruments, Norfolk, U.K.). Mice were allowed to acclimatize to a room temperature of 27-30°C for at least 90 min before readings were taken, and to the tail cuff apparatus for several minutes before use. Four SBP recordings were taken per mouse at each age studied. If after 20 min all four recordings had not been taken, the mouse was released and allowed to recover for 30 min before proceeding. Heart rate was monitored as an indicator of stress, and if Ͼ500 beats per minute, readings were stopped until below this value (24) .
Organ Allometry and Blood Sample Collection. At 27 weeks of age, after cervical dislocation, a blood sample was removed via heart puncture and allowed to clot on ice. Liver, left and right kidneys, heart, and lungs were dissected out, weighed, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. Blood samples were centrifuged at 10,000 ϫ g, at 4°C for 10 min, after which serum was aliquoted and stored at Ϫ80°C. ACE Activity. For serum ACE activity, the method described (41) was used with modifications (24) . Briefly, the method comprises serum incubation in hippuryl-L-histidine-L-leucine acetate salt (HHLA; Sigma) solution in phosphate buffer at 37°C followed by addition of cyanuric chloride (Sigma) in 1,4-dioxane (Sigma) for yellow coloration to develop. Four replicates per sample were analyzed on a Dynatech (Chantilly, VA) MR5000 plate reader at 380 nm. Samples containing only serum and chloride buffer were used as negative controls. For each analysis, a standard curve over the range 1 nM to 50 M was prepared from a 1 mM hippuric acid (Sigma) solution in 100 mM chloride buffer, pH 8.3, and treated exactly as the incubates. Serum ACE activity was expressed as nanomoles of hippurate formed per milliliter of serum per minute; 15-17 samples across litters were randomly selected from IVC-ET, IV-ET, and NM frozen stored sera at 27 weeks. PEPCK Activity. Adult liver (100 mg) was homogenized in 300 l of 50 mM Hepes, pH 7.4, and centrifuged at 1,000 ϫ g for 10 min, and supernatant was centrifuged at 25,000 ϫ g for 10 min, followed by 100,000 ϫ g for 45 min, all at 4°C before storage at Ϫ80°C. After protein determination by Bradford assay (Bio-Rad, Hercules, CA), PEPCK activity in supernatant fractions was measured in the forward direction (phosphoenolpyruvate formation) essentially as described (42) and expressed as nanomoles of phosphoenolpyruvate formed per minute per microgram of protein; 15-18 samples across litters were randomly selected from IVC-ET, IV-ET, and NM-6 frozen stored livers at 27 weeks.
Statistical Analysis. A Bonferroni one-way analysis of variance t test was used to analyze cell numbers within blastocysts (SigmaStat statistical software, version 2.0). All postnatal data (birth weights, growth weights, SBP, organ weights and ratios, serum ACE, and PEPCK activity) were analyzed by using a multilevel randomeffects regression model (SPSS, version 14; SPSS, Chicago, IL), which takes into account the hierarchical nature of the data sets with between-mother and within-mother variation and different parameters measured from individual animals (24, 43) . Thus, differences identified between treatment groups throughout the study are independent of maternal origin of litter, litter size, and, for nongrowth data, also of body weight unless otherwise stated. Growth data were additionally converted to Z-scores by using SPSS before random-effects regression analysis. The Z-score transformation used the entire body weight data set to standardize the weight to the same scale, with a mean of 0 and a standard deviation of 1. It allows for the analysis of entire growth curves in relation to other treatment groups, avoiding the use of multiple comparisons from weeks 0 to 27. This work was supported by Medical Research Council Grant G9800781 (to T.P.F.) and a studentship award by the Schools of Medicine and Biological Sciences (University of Southampton) (to A.J.W.). M.H. is supported by the British Heart Foundation.
